INTRODUCTION
The formation of 8-hydroxyguanine (8-OH-Gua) in DNA by reactive oxygen species (ROS) was first reported in 1984.
1) The 8-OH-Gua is a major product of DNA damage induced by the reactions of reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ), superoxide anions (O 2 -), singlet oxygen, and hydroxyl radicals (· OH).
2) It is also called 7,8-dihydro-8-oxoguanine (8-oxo-Gua).
1) It is used as a biomarker of oxidative DNA damage [3] [4] and causes mainly GC to TA transversions in mammalian cells. 5) Floyd et al . 6) introduced a highly sensitive analytical method for 8-OHGua, which uses high-performance liquid chromatography (HPLC) coupled to an electrochemical detector (ECD). DNA isolation methods have also improved the analysis, and the modified chaotropic sodium iodide (NaI) technique yields the lowest and least variable 8-OH-Gua values. 7, 8) This report describes an assay to detect 8-OH-Gua after cellular DNA is treated with the formamidopyrimidine DNA glycosylase (Fpg) enzyme following DNA extraction. [9] [10] [11] In this assay, we used the biological function of the Fpg protein to remove the 8-OH-Gua that is formed in ds-DNA. [9] [10] [11] In the present study, two different cell lines, A549 (lung carcinoma) and HaCaT (keratinocyte), were used, since these cell lines from an internal organ and skin may have different defense abilities against ROS and different repair responses. This method reduced the background level of 8-OH-Gua in DNA and improved the reliability once the increase in oxidative DNA damage in these γ -irradiated human cells was measured.
MATERIALS AND METHODS

Cells and culture conditions
Human alveolar epithelial cells (A549), originally derived from an individual with alveolar cell carcinoma, were pur-chased from the American Type Culture Collection (Rockville, MD, USA). This cell line was cultured in Eagle's Minimum Essential Medium with kanamycin (Nissui Pharmaceutical, Tokyo, Japan), supplemented with 10% fetal bovine serum, L-glutamine (2 mM), and nonessential amino acids (0.1 mM), and was maintained at 37 ° C in a humidified atmosphere containing 5% CO 2 in air. Unless otherwise noted, all culture supplies were purchased from Gibco-Invitrogen (Carlsbad, CA, USA).
The human keratinocyte (HaCaT) cell line 12) was cultured in Dulbecco's Modified Eagle's Medium (Nissui Pharmaceutical, Tokyo, Japan), supplemented with 10% fetal bovine serum, L-glutamine (2 mM), 100 units/ml penicillin, 100 µ g/ ml streptomycin sulfate, and sodium pyruvate (1 mM) and was maintained at 37 ° C in a humidified atmosphere containing 5% CO 2 in air. 
Irradiation of cells with γ -rays
The cells were seeded into 100 mm diameter tissue culture dishes and allowed to attach for a period of 16-24 hours at 37 ° C. The cells were then irradiated on ice with a gamma cell irradiator (GE40E; Nordion, Ottawa, Canada) at varying doses (dose rate, 0.96 Gy/min). Control cells were not irradiated. After irradiation, the cells were harvested, washed with ice-cold phosphate-buffered saline, and immediately processed to a cell viability test and DNA isolation. Cell viability was determined by a trypan blue dye-exclusion test (0.4%) (GIBCO-BRL, Grand Island, NY, USA).
13)
Determination of 8-OH-Gua in cellular DNA
Cellular DNA was isolated by using a DNA extractor WB kit (Wako, Osaka, Japan). 7, 14) Desferal (deferoxamine mesylate; Sigma, St. Louis, MO, USA) was added to the lysis solution (1 mM) to prevent DNA oxidation.
8) The isolated DNA (50-150 µ g) was dissolved in 200 µ l distilled water, and its concentration was measured with a UV spectrophotometer (JASCO V-520). The DNA solution (150 µ l) was mixed with 15 µ l of buffer (0.5 M Tris-HCl, 0.5 M KCl, and 20 mM EDTA; pH 8.0) and bovine serum albumin (final concentration, 90 µ g/ml), and it was treated with the Fpg protein (10 µ g /sample) at 37 ° C for 20 min. 15) This solution was filtered with an Ultrafree-Probind filter (Millipore, Bedford, MA, USA), and a 70 µ l aliquot of the sample was injected into an HPLC column (YMC-Pack ODS-AM, 5 µ m, 4.6 × 300 mm; temperature, 25 ° C; flow rate, 0.7 ml/min) equipped with an ECD (Coulochem II; ESA Inc., USA; electrode 1, 150 mV; electrode 2, 300 mV; guard cell, 350 mV). The mobile phase consisted of 10 mM sodium dihydrogenphosphate dihydrate containing 3% methanol. As the standard sample, 80 µ l of an 8-OH-Gua solution (70 pg/ml) was injected. To obtain the standard solution, 8-OH-Gua (2 mg) was completely mixed with 1 liter of deionized water for 30 min at room temperature, then centrifuged (at 800 g , 5 min). The concentrations of 8-OH-Gua were calculated based on its UV absorption extinction coefficient value.
16) The digested DNA and the standard samples showed 8-OH-Gua peaks within the limits of detection. The 8-OH-Gua level in the DNA was expressed as the number of 8-OH-Gua per 10 7 Gua, by assuming that 20 O.D. units of DNA is 1 mg 17) and that the GC content of human DNA is 41%.
18)
Statistical analysis
Analyses were performed by use of the StatView-J 5.0 program (Berkeley, CA, USA). All data were expressed as the mean ± standard deviation (SD) from 3-8 independent measurements. Statistical significance was determined by the one-way analysis of variance (ANOVA), followed by the Scheffe test, using P < 0.05 as the level of significance.
RESULTS
Analysis of 8-OH-Gua in γ -irradiated A549 cells
We first optimized the conditions for the release of 8-OHGua from DNA by Fpg treatment. DNA samples from A549 cells were incubated with various amounts of the Fpg protein for different times. The amount of 8-OH-Gua released from DNA reached a plateau above 5 µ g/tube Fpg concentration (20 min incubation time). Time-course experiments showed that the release of 8-OH-Gua became a plateau after a 20 min incubation (with 10 µ g Fpg). Therefore we chose assay conditions of 10 µ g/tube Fpg concentration and 20 min incubation time. A typical example of 8-OH-Gua analysis is shown in Fig. 1 . The detection limit of 8-OH-Gua was about 0.5 pg. In the DNA of untreated A549 cells, the 8-OHGua level was measured as 3.35 ± 1.67 (SD) per 10 7 Gua (Fig. 2) . Irradiation by γ -rays (20-80 Gy) induced the formation of 8-OH-Gua in a dose-dependent manner, and its yield was estimated to be approximately 0.17 residues per 10 7 Gua per Gy. Immediately after the 80 Gy γ -irradiation, the cell viability was virtually the same as that of the control, as monitored by trypan blue staining.
Analysis of 8-OH-Gua in γ -irradiated HaCaT cells
We also tried this new approach for 8-OH-Gua analysis in keratinocyte (HaCaT cells) DNA. In the DNA of untreated HaCaT cells, the 8-OH-Gua level was measured as 3.14 ± 1.94 (SD) per 10 7 Gua (Fig. 3) . The formation of 8-OH-Gua was dependent on the γ -ray dose, and the yield was 0.18 residues per 10 7 Gua per Gy. Immediately after the γ -irradiation with 80 Gy, the cell viability was unchanged compared to 
8-OH-Gua repair in HaCaT cell DNA after γ -irradiation
We also compared the 8-OH-Gua levels in keratinocyte (HaCaT cells) DNA immediately after and 20 hours after 60 Gy γ -irradiation (Fig. 4) . We found that 75% of the 8-OHGua formed by the γ -irradiation was repaired during the 20 hour period. Immediately after the 60 Gy γ -irradiation, the cell viability was similar to that of the control. Therefore the level of 8-OH-Gua determined by this analysis may actually be produced in living cells.
DISCUSSION
Several techniques have been developed to detect 8-OHGua, a type of oxidative DNA damage. The measured background levels of 8-OH-Gua differ, depending on the DNA isolation technique and the 8-OH-Gua analysis method. To measure the steady-state level of DNA oxidation, HPLC-ECD is particularly useful with its selectivity, sensitivity, and ease of quantification. During the past two decades, with improved DNA isolation techniques and enhanced HPLC-ECD sensitivity, the assayed background levels of 8-OHGua have decreased considerably. 7) Reliable and reproducible data with low background 8-OH-Gua levels (4/10 7 Gua) have been obtained by analyzing 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-OH-dG) after digesting DNA prepared by an improved method, using a commercially available kit, that employs an iron chelator, desferal, in the lysis step. 8) In this study we analyzed the 8-OH-Gua base by HPLC-ECD after the DNA was treated with the Fpg protein. This method was first described by Loft and collaborators. 15) They analyzed 8-nitroguanine and 8-OH-Gua in DNA after treatment with NO-generating agents, mainly in vitro, but detailed data on the background level of 8-OH-Gua in cellular DNA were not reported. Beckman et al . also used the same method to detect an increase of 8-OH-Gua in the DNA of H 2 O 2 treated cells. 19) Karakaya et al . 20) detected 8-OH-Gua and many oxidized bases with a gas chromatography/isotope-dilution mass spectrometry (GC/IDMS) method, after γ -irradiated DNA was treated with the Fpg protein. In the present study, we confirmed that the background level of 8-OH-Gua in cellular DNA is 3-4 residues per 10 7 Gua. This baseline 8-OHGua value closely resembles that obtained by our previous method, which analyzed 8-hydroxydeoxyguanosine 5'-monophosphate (8-OH-dGMP) after the cellular DNA was digested by nuclease P1 only (4.3 8-OH-dGMP/10 7 deoxycytidine monophosphate [dCMP]). 21) We also detected a similar background level of 8-OH-Gua in the human keratinocyte DNA. In human keratinocytes, the 8-OH-Gua levels have never been measured with this level of precision. It was recently reported that relatively low doses of ultraviolet-B (62.5-500 mJ per cm 2 ) caused dose-dependent increases in 8-OH-dG. 22) Furthermore, that study found that unirradiated, normal, human epidermal keratinocyte DNA contained 1.49 ( ± 0.11) 8-OH-dG residues per 10 6 dG. In our study, the amount of 8-OH-Gua in unirradiated cell DNA was much smaller, about 1/5 of their level, though it is possible that different keratinocyte cell lines have distinct background 8-OH-Gua levels.
The Fpg protein creates single-strand breaks in the DNA at the sites of altered purines, including 8-OH-Gua. The comet assay (single cell alkaline gel electrophoresis) measures DNA breaks, which form a comet-like image in which the ratio of DNA in the tail reflects the break frequency. The ESCODD (European Standards Committee on Oxidative DNA Damage) 23) reported that the background level of 8-OH-Gua in HeLa cell DNA is 0.53 per 10 6 guanines, based on the comet assay after Fpg treatment. Our method produced a lower background level than that of the comet assay, which is known as a highly sensitive method to measure DNA damage. They reported that the bulk of the Fpg-sensitive sites generated by a photoexcited photosensitizer (Ro 19-8022) was quite likely to be 8-OH-Gua lesions, but 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua) and 4,6-diamino-5-formamidopyrimidine (FapyAde), which are probably present at lower levels, might also be recognized by the Fpg protein. 23) The difference in the background levels between our analysis and the comet assay may correspond to the amounts of FapyGua and FapyAde and other unknown oxidized products, though it may also be a consequence of using different cell lines.
With our new analysis method, it is possible to detect the small changes in the 8-OH-Gua levels in cellular DNA induced by various environmental factors, such as ionizing radiation, UV light, and chemicals. Because of the low background, we could accurately analyze the reduction of 8-OH-Gua during the 20 hours after γ-irradiation (Fig. 4) . Enhanced measurement precision may also contribute to the elucidation of DNA repair mechanisms. Further efforts to improve DNA isolation and analysis methods for 8-OH-Gua assays should be continued.
